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ABSTRACT
Morphological Variability within Dictyoneurum californicum and
Dictyoneurum reticulatum along a wave exposure gradient on the
Monterey Peninsula
by
Elizabeth G. Ramsay
Master of Science in Marine Science
California State University Monterey Bay, 2019
The ability of kelps to change the physical characteristics of their thallus in response to
their environment can be both functionally and ecologically important to the individual and their
local surroundings, especially relative to variability in wave exposure. For decades,
Dictyoneurum reticulatum and Dictyoneurum californicum have been studied independently
along the Monterey Peninsula, where there is a well-studied wave exposure gradient. Recent
genetic work has shown that these two species are genetically indistinct from one another.
However, there is a deficit in the knowledge and understanding of the morphological variety
within Dictyoneurum and role that wave exposure may play in determining characteristics used
to distinguish species. This study tested for morphological variability within the Dictyoneurum
genus to document the range of morphological traits and to determine whether or not the
morphological traits were genetically fixed or plastic. Year-long observational surveys were
conducted in tandem with common garden experiments along a well-established wave exposure
gradient on the Monterey Peninsula. I found that depth and wave exposure determined the
presence of the characteristic midrib trait, where individuals with midribs were significantly
more likely to be found at sheltered sites or only at deeper depths at the exposed sites.
Individuals that grew in clumps were also significantly more likely to lack a midrib and split
completely through the lamina versus individuals that grew solitarily, that more likely had a
midrib and did not split at all. The results based on midrib and splitting presence were most
significant at the intermediate sites, whereas the two extreme sites did not show that much
diversity in morphological traits. There was no significant difference in growth or morphological
characteristics throughout the common garden experiment, suggesting that the morphological
characteristics of the midrib and splitting were not genetically fixed. The results of my study
suggest that the morphological characteristic of the midrib that is currently used to distinguish
between D. californicum and D. reticulatum is plastic and therefore, should no longer be used for
species identification for this genus.
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INTRODUCTION
The world is forever changing, and scientists have observed that some organisms adapt to
change, while others do not (Mayr 1954, Hoffmann and Sgro 2011). Adaptation in response to
gradual environmental change over multiple generations is known as genetic adaptation (Mayr
1954, Hoffmann and Sgro 2011). Genetic adaptation can be defined as a change, or the process
of change, by which an organism or species becomes genetically better suited to its environment
(Mayr 1954, Espinoza and Chapman 1983, Gerard 1988, Hoffmann and Sgro 2011). When
generations of individuals experience a gradual environmental shift, such as a shift in their
hierarchical regime or food supply, those individuals best suited to the changed conditions tend
to survive, reproduce, and pass on to their offspring any genetic traits that contributed to their
survival, a process known as natural selection (Boyce 1979). However, not all environmental
shifts are gradual, and individuals also need to persist on a generational scale.
Recent global climate research demonstrates that individual organisms can also acclimate
to a rapidly changing environment (McCarty 2001, Walther et al. 2002, Root et al. 2003,
Parmesan 2006, IPCC 2007, Visser 2008). When an organism acclimates to changes in their
environment within a generation it is referred to as phenotypic acclimation (Kubler and Davison
1993, Menzel and Estrella 2001, Walther et al. 2002). For an individual to persist in a rapidly
changing environment they must undergo some type of phenotypic acclimation. Phenotypic
acclimation is the process by which an individual organism adjusts to a small and sometimes
temporary change in their environment (Kubler and Davison 1993, Menzel and Estrella 2001,
Walther et al. 2002). The individual may, in response to temperature, pH, altitude, humidity, or
photoperiod changes, acclimate by adjusting its behavior, morphology or physiology (Kubler and
Davison 1993, Menzel and Estrella 2001, Walther et al. 2002, Maureen 2011). Individuals that
are able to acclimate in this way can be referred to as phenotypically plastic (Gause 1947,
Lurling 2009).
Phenotypic plasticity is the ability of a single genotype to produce multiple phenotypes in
response to the environment (Lurling 2009, Gause 1947) and can also be termed as polyphenism
(Stearns 1989). Individuals that are phenotypically plastic often present different morphological
phenotypes (Morales and Trainor 1997) and, because they are better able to acclimate,
phenotypically plastic individuals tend to persist better in variable habitats than those that do not
1

have the capacity to be plastic (Gause 1947, Lurling 2009). For example, pine trees (Picea
abies) in cold high altitudinal ranges in Norway tend to exhibit physical alterations due to their
surrounding environment. Oleksyn (1998) explored the Picea abies ability to acclimate to
determine whether they demonstrated similar adaptive features within their common
environments or altitudinal ranges. Oleksyn (1998) measured populations in a multitude of ways
at altitudinal gradients along a slope, ranging from 600m to 1500m. The study found that the
pine populations that resided in colder, more temperature variable environments exhibited
several acclimative features and differed from populations in lower altitudinal populations in
regards to biomass, CO2 exchange, and allocation patterns (Oleksyn 1998). Much like Picea
abies populations in the terrestrial environment, kelp species also are known for their ability to
morphologically acclimate to their environment (Gerard and Mann 1979, Hurd et al. 1996,
Roberson and Coyer 2004, Lane et al. 2006).
Kelp species are well known to exhibit morphological phenotypic plasticity, changing
their physical structures to persist in variable environments (Gerard and Mann 1979, Hurd et al.
1996, Roberson and Coyer 2004, Lane et al. 2006). Morphological plasticity in kelps has been a
focus for marine research for decades because of our human relationship with kelps (FAO 2018).
Humans started to experiment with cultivating kelps thousands of years ago, and commonly
found by accident, that kelps can be resilient and acclimate physically to their environment (F AO
2018). This discovery motivated research into plasticity in kelps. Research suggests that
morphological change in kelps is commonly in response to environmental factors, such as wave
exposure (Wing et al. 2007, Wemberg and Vanderkilft 2010), light quantity and quality (Gerard
1987), nutrient availability (Gagne et al. 1982), and temperature (De Wreede 1987, Gerard and
DuBois 1988). Because such factors can fluctuate over small geographic ranges, intraspecific
morphological variations can occur.
Wave exposure and water motion are known to directly affect intraspecific
morphological variations in kelps (Gerard and Mann 1979, Koehl 1986, Hurd 2000, Roberson
and Coyer 2004, Fowler-Walker et al. 2006, Koehl 2008). For example, Koehl (2008) conducted
a study on morphological plasticity in Nereocystis luetkeana and found that blades in high water
flow areas decreased in reticulation and increased in elongation, meaning that they were
distributed in tight bundles that decreased drag. In contrast, blades in low water flow areas
increased in reticulation and grew wider, sometimes even twisting, creating more drag and self2

shading (Koehl 2008). Although it may have seemed that these two morphs are devoid of
consequence, Koehl (2008) found that blades that lived in relatively low flow areas for the
majority of the year, suffered greatly based on their morphological characteristics due to
periodic, short lived, high water flow during storms. In contrast, blades residing in high water
flow areas did not suffer those same consequences due to their low drag morphology (Koehl
2008). When there exists a more broad wave exposure gradient there exists a greater range of
morphological variation (Norton 1969, Gerard and Mann 1979, Cheshire and Hallam 1989, Back
1993, Blanchette et al. 2002, Fowler-Walker 2006). At sheltered sites, where water motion is
low, blades are often larger, wider, thinner and more undulate, while at exposed sites, where
water motion is high, blades can be more narrow, thick, and flat (e.g, Norton 1969, Cheshire and
Hallam 1988, Koehl and Alberte 1988, Jackelman and Bolton 1990, Roberson and Coyer 2004).
Morphological phenotypic plasticity can sometimes enable a species to occupy and persist in a
wider range of physical environments, specifically in a wider range of wave exposed
environments (Gerard 1987, Slatkin 1987, Price 2003, Miner et al. 2005) and, in some cases,
morphological differences can be drastic and distinct enough to complicate species delineation
(Abbott and Hollenberg 1976, Sultan 2001, Lane et al. 2006).
The presence of morphological plasticity in kelps provides for great variation in physical
characteristics of any part of the thallus (Norton 1969). Just like Koehl (2008) regarding
Nereocystis luetkeana blade morphological variations due to the environment, kelp blades,

holdfasts, stipe number, and frond number can all vary depending on an environmental signal or
condition (Friedland and Denny 1995, Fowler-Walker M.J. et al. 2005, 2006). These common
kelp morphological characteristics can vary in shape, size, and number across a wide spectrum
depending on their environment, depth, and basic genetic coding (Friedland and Denny 1995,
Fowler-Walker M.J. et al. 2005, 2006, Macaya and Zuccarello 2010). Some of these physical
characteristic differences have become the actual determinants between different algal genera
and species (Abbott and Hollenberg 1976, Fowler-Walker et al. 2005).
The term morphotype is often used to describe morphological variation within a species.
Macrocystis pyrifera has four intraspecific morphotypes within its species (Demes et al. 2009,

Westermeier et al. 2010). However, until 2009, these four variations were all referred to as
separate species due to their distinct differences in morphology (reviewed by Demes et al. 2009).
Specifically, Macrocystis pyrifera had a distinct cone-like holdfast that grew on subtidal and
3

deep rocky reefs, Macrocystis integrifolia had a rhizomatic holdfast in shallow rocky reefs
(Setchell 1932, Neushul 1971, Abbott and Hollenberg 1976, Graham et al. 2007), and
Macrocystis angustifolia had a mound-like holdfast that grew only in shallow sand habitat

(Brostoff 1988, Westermeier et al. 2007, Demes et al. 2009). The fourth was a less common kelp,
Macrocystis laevis, found in the Southern Ocean that possessed a conical holdfast but smooth

blades (Hay 1986, Perissinotto and McQuaid 1992, Graham et al. 2007). Once genetic
homogeneity was confirmed (Coyer et al. 2001), the overwhelming evidence suggested that the
variations were due to extreme phenotypic plasticity (Demes et al. 2009). Interbreeding data
demonstrated that these species could create viable offspring, only confirmed the fact that the
four species were incorrectly labeled and were just morphotypes of Macrocystis pyrifera
(Westermeier et al. 2010). Researchers found that depth and the environment played an integral
role in determining the morphological variations that were present within the Macrocystis genera
(Graham et al. 2007, Demes et al. 2009).
Depth often plays a critical role in the intensity of the effects the environment has on an
individual, specifically when considering wave exposure (Graham 1995, Molloy and Bolton
1996, Fowler-Walker et al. 2005, Graham et al. 2007, Demes et al. 2009). At shallower depths,
the intensity of water motion is high, however, the water motion gradually decreases with depth,
where in intermediate and deeper depths the water motion is much less intense (Graham 1995,
Molloy and Bolton 1996, Fowler-Walker et al. 2005, Graham et al. 2007, Demes et al. 2009).
Therefore, individuals at shallower depths can experience a higher intensity of water motion and
can show morphological differences from those individuals at deeper depths at the same sites if
the particular species is capable of being morphologically plastic (Graham 1995, Molloy and
Bolton 1996, Roberson and Coyer 2004, Demes et al. 2009). These morphological characteristic
differences can present themselves in a variety of ways on a spectrum from barely recognizably
different to distinctly different (Graham et al. 2007, Demes et al. 2009).
A common differentiating morphological characteristic in kelps is the presence or
absence of a distinct midrib (Smith 1942, Abbott and Hollenberg 1976, Druehl et al. 1997, Lane
et al. 2006). A midrib is a thickened structure found within the center of the blade or stipe of an
algal thallus (Griggs 1909). Because this structure is not present in all kelp taxa, its presence is
often useful for differentiating between species, although its function is unknown (Smith 1942,
Abbott and Hollenberg 1976, Druehl et al. 1997, Lane et al. 2006). The algal midrib was first
4

described by Griggs (1909) as a thickened structure resembling a vein even in the absence of true
vascular tissue (examples of midrib in Figure 1). It is hard to say whether the presence of a
midrib is advantageous or not. Observations have shown that the midrib on large blades can
provide structure and rigidness, beneficial characteristics in low flow areas that make it easier for
these species to stay in the water column and collect nutrients (Coleman and Muhlin 2008).
However, others report disadvantages with the midrib, suggesting it makes the structure too rigid
and prone to breakage during higher wave active seasons (Van Alstyne 1989). It is suggested by
some that the midrib is an ancestral trait that was lost overtime, being present only in the oldest
group of kelps and not in the more recently evolved groups (Lane et al. 2006). The midrib has
historically been used as a distinguishing factor to determine some kelp species, therefore
convoluting the understanding of the midrib trait, and whether or not it is an ancestral trait.
Dictyoneurum californicum and Dictyoneurum reticulatum are two kelps, large brown

alga belonging to the order Laminariales, that have historically been distinguished as different
species and even genera (Smith 1942), based on the presence or absence of a midrib (Setchell
and Gardner 1896, Smith 1942, Abbott and Hollenberg 1976). Dictyoneurum californicum is
described as having a small holdfast and long narrow reticulated blades lacking a midrib, grows
in shallow waters with multiple blades per holdfast in aggregations (1.5 - 10.6 m), and is most
commonly found in areas of high wave activity or water motion (Abbott and Hollenberg 1976,
Scagel et al. 1989, Lane et al. 2006, Miller 2012). Dictyoneurum californicum ranges from north
of Point Conception, California to British Columbia, Canada (Scagel et al. 1989, Mondragon and
Mondragon 2003). Dictyoneurum reticulatum is a kelp consisting of one large reticulated blade,
a small holdfast, and described as possessing a midrib (Smith 1942, Abbott and Hollenberg
1976, Scagel et al. 1989, Stewart 1991, Hansen 1997, Pedroche et al. 2008, Miller 2012). This
species grows from shallow to deep waters (3.6 - 13.7 m) and is most commonly found in areas
of low wave activity/water motion or at depth in moderate wave exposure areas (Abbott and
Hollenberg 1976, Scagel et al. 1989, Stewart 1991, Hansen 1997, Pedroche et al. 2008, Miller
2012). Dictyoneurum reticulatum ranges from south of Point Conception, California to Monterey
Bay, California (Miller 2012), although it has been found in Mexico on the Pacific side
(Pedroche et al. 2008) and in parts of British Columbia (Scagel et al. 1989). Field observations
have shown that both species can split through the lamina and stipe, turning one blade into two
separate blades (E. Ramsay, Personal Observations). Both species of Dictyoneurum
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(californicum and reticulatum) at one point were placed in the Lessoniaceae family due to this

common trait of splitting within the transition zone (Setchell and Gardner 1925). However,
recent genetic studies showed that both Dictyoneurum californicum and Dictyoneurum
reticulatum are distinctly different from species within the Lessoniaceae family, and therefore

they were re-categorized into the Agaraceae (Postels and Ruprecht 1840) family (Lane et al.
2006, Silberfeld 2014, Kawai et al. 2017).
In some locations along the central California coast, Dictyoneurum californicum and
Dictyoneurum reticulatum look very similar, while in other areas they look distinctly different

(Fig 2; Lane et al. 2006, Kawai et al. 2017, E. Ramsay, Personal Observations). These
observations have encouraged questions over the years as to whether Dictyoneurum californicum
and Dictyoneurum reticulatum are in fact just two different morphotypes of the same species
(Lane et al. 2006, Kawai et al. 2017). Dictyoneurum californicum was first described by
Ruprecht in 1852 as a distinct species with strap-like blades lacking a midrib. Saunders (1895)
suggested that any morphological variation within a Dictyoneurum californicum individual, with
or without a midrib, should be referred to as Costaria reticulate. However, Setchell and Gardner
(1896) argued that there were two separate morphs, californicum and Costaria reticulata, due to
the presence or absence of the midrib characteristic. Years later, Setchell and Gardner ( 1925)
reviewed their previous work and decided that the characteristic of the midrib was only present
during a specific stage of growth and therefore was not useful for distinguishing between the two
species. Dictyneurum reticulatum, the present name of the large blade species with a midrib, was
referred to as Costaria until 1942 (Smith 1942). During that time, it was placed in the
Laminariaceae family due to its simple blade structure. Dictyoneurum californicum was moved

to the Lessoniaceae family based on its characteristic nature of splitting within the transition
zone of the blade (Setchell and Gardner 1925). Smith (1942) considered the presence and
absence of the midrib as the defining character distinguishing the species and considered them so
different that they should be placed into different genera, Dictyoneuropsis and Dictyoneurum.
Abbott and Hollenberg (1976) followed suit and placed the two species into two monospecific
genera, Dictyoneuropsis (blades with a smooth midrib and a rounded base) and Dictyoneurum
(blades that lack a midrib and usually have a narrow base). Lane et al. (2006) explored the
genetics of these two genera and found no distinct difference, suggesting that these two taxa
were genetically the same. Kawai et al. (2017) conducted a study based on taxonomic revision
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using herbarium specimens from Moss Landing Marine Labs, University of California Berkeley,
and University of British Columbia. Their findings were inconclusive and did not determine that
there was a distinct difference between Dictyoneurum californicum and Dictyoneurum
reticulatum based on the midrib characteristic. Preliminary observations have shown variations

of both Dictyoneurum californicum and Dictyoneurum reticulatum characteristics along
gradients of wave exposure (E. Ramsay, Personal Observations). For example, along the
Monterey Peninsula, at shallow exposed sites, almost all individuals lack a midrib and look
identical to Dictyoneurum californicum species, whereas at deep sheltered sites almost all
individuals have a midrib and look identical to Dictyoneurum reticulatum. The variability in
midrib presence or absence therefore occurs in between these two extreme conditions. There also
exists the confounding factor of the blade splitting up the lamina, through the midrib, creating
multiple blades from one and sometimes splitting so many times that the midrib disappears
entirely (E. Ramsay, Personal Observations). Because the distinction between these two species
is primarily based on the presence or absence of a midrib (Abbott and Hollenberg 1976), this
observation of contradicting characteristics depending on the environmental conditions,
specifically wave exposure, creates confusion in visual species identification.
In this study, the complexity of morphological differences between Dictyoneurum
californicum and Dictyoneurum reticulatum were examined across a geographical and

environmental gradient and by depth, to determine what drives their physical differences.
Specifically, the following questions were explored: 1) is there a distinct difference in
morphology between the two taxa or does morphology change over a wave exposure gradient?
and 2) will an individual's morphology vary if transplanted to a common environment?
To address the first question, I used the two main morphological characteristics that set
apart the two taxa, the midrib and splitting, as the responses, and hypothesized that midrib
presence would be negatively correlated with wave exposure and positively corelated with depth.
I also hypothesized that splitting presence would be positively correlated with wave exposure
and negatively correlated with depth. Second, I hypothesized that when transplanted to a
common environment, juvenile Dictyoneurum californicum and Dictyoneurum reticulatum
would grow into the same morphology based on their immediate environment. Answers to these
questions will provide novel information about the morphological diversity within the genus
Dictyoneurum based on a wave exposure gradient along the Monterey Peninsula.
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METHODS AND MATERIALS
Morphometrics
The first objective of this study was to quantify the variability in morphological
characteristics between Dictyoneurum californicum and Dictyoneurum reticulatum along wave
exposure and depth gradients. Observations were made at 4 sites over the well-studied wave
exposure gradient along the Monterey Peninsula (Harrold et al. 1988, Graham et al. 1997,
Graham 1997). The sites were uniformly spaced between Coral Street, Monterey, California and
the Breakwater, Monterey, California (Figure 2). Observational data were collected over the
course of four seasons: fall 2017, winter 2018, spring/summer 2018, and fall 2018, from each of
the five sites. At each site, a buddy team swam to 1.5 meters depth, the shallowest depth that
either taxa had been recorded (based on preliminary observations), took a heading that was
offshore and perpendicular to the beach, and dropped down following that heading. The depth of
every individual of either taxa encountered directly along that heading was recorded using a
depth-dive computer (in feet), then later converted into meters and standardized to MLL W using
the Monterey tide tables. Pilot observational surveys found that individuals of either taxa grew in
both clumped and solitary distributions, thought to be distinguished by their settling patterns,
where either individual haptera are piled on top of each other within clumps or settle on their
own territory. Therefore, along with depth, settling pattern data (clumped or solitary), or
dispersion type, for every individual encountered was recorded as a large clump (>4 individuals
touching) or solitary (1 solitary individual). Every other solitary individual/clump that was
encountered along the heading was collected (> 20 encounters collected); when a clump was
encountered, three random individuals were collected from the clump in order to capture within
clump variability. All individuals collected were brought back to the lab for detailed
morphological analysis and/or sent to Dr. Chris Lane at the University of Rhode Island where a
protein analysis on the two taxa was run to explore their similarities and differences along the
wave exposure gradient.
At the lab, individuals collected from the field were measured for the presence or absence
of a midrib, the presence or absence of a split (Figure 3), the percentage of the split based on the
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blade length, the width of the widest part of the blade, the length of the blade, the presence or
absence of breakage at the end of the blade, and the presence or absence of sori were recorded.
A logistic regression was then run with depth as the independent variable and midrib
presence as the dependent variable, for each site and each season, to test if depth determined the
presence of a midrib and if so, at what depth (inflection point) would the probability of finding
an individual with a midrib be larger than finding an individual without a midrib. A logistic
regression was also run for split presence, where depth was the independent variable and split
presence was the dependent variable, for each site and each season to test to see if depth
determined the presence of splitting and if so, at what depth (inflection point) would the
probability of finding an individual with a split be larger than finding an individual without a
split.
Dispersion type was also tested by depth for each site using a logistic regression.
Dispersion type per site for each season was then tested using an ANOVA. A Chi-Square test
was then used to test if midrib or split presence was statistically related to dispersion type for
each site.

Common Garden
The second objective was to determine if the morphology of either species would change
if transplanted into a common environment as juveniles. Ten Dictyoneurum californicum
juvenile individuals (<5cm length) were collected from Coral Street and ten Dictyoneurum
reticulatum juvenile individuals (<5cm length) were collected from the Breakwater Pipe. At this

size and stage, all individuals had the beginnings of a midrib (veins at the base of the blade) and
no sign of splitting. This size was chosen based on observations of when the midrib characteristic
starts to develop on the blade (E. Ramsay, Personal Observations). Regardless of site, all
individuals were morphologically similar. All twenty individuals were then put into bags with
seawater and transported in a cold cooler to the aquaculture facility at the Moss Landing Marine
Laboratories. Individual width, length, and midrib (presence or absence) was recorded and thalli
were marked with a piece of colored string tied to the base of the stipe (see Figure 4). Split
presence was recorded as absent for all individuals as there was no splitting observed during the
entire experiment. Every individual was given a different color string to allow for individual
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growth to be tracked over time. All twenty individuals were then placed in an outdoor 25 gallon
tumble culture tank of seawater and allowed to circulate together in the same environment
(Figure 5). Fresh seawater was circulated throughout the tank at approximately 1-2 gallons per
minute and the bubbling intensity was kept consistent throughout the experiment. Nutrients
fluctuated naturally throughout the experiment following the nutrient content within the
seawater. Light also fluctuated naturally, however, a mesh covering was used to provide 70%
shading to mimic the sunlight at depth. Every week, growth and morphology were measured and
recorded for each individual. The tags were replaced weekly to avoid diatom overgrowth and
loss of color to the tag. The experiment ran for forty days, at which point, most individuals had at
least doubled in length and width. Measurements of length and width over time were also
collected from juveniles in the field to compare to the common garden experiment individuals.
For this common garden experiment a student t-test was used to compare the growth rate means
of juvenile individuals from both Breakwater and Coral.

RESULTS
Morphometrics ofDictyoneurum californicum and D. reticulatum

The first goal of this study was to quantify the variability in morphological characteristics
between Dictyoneurum californicum and D. reticulatum along wave and depth gradients. I
hypothesized that the main defining characteristic that divides these two taxa into species, the
midrib, would be variable along a wave exposure and depth gradient. Specifically, that the
midrib would be present at the most sheltered sites and at deeper depths, and absent at the most
exposed site.
To test this hypothesis, a logistic regression was used to evaluate depth as a determining
factor of midrib presence for all four sites, where individuals with a midrib were classified as a 1,
and individuals without a midrib were classified as a O and depth was the independent factor.
(Figure 6, Table 1). None of the individuals collected and analyzed from Coral Street, the most
exposed site, exhibited signs of a midrib, at any depth on any date. A total of 123 individuals
were collected from Coral street over the four seasons and season did not significantly affect the
results for this site by depth. All individuals collected from Breakwater Pipe, the most sheltered
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site along the wave exposure gradient, had a distinct midrib, regardless of depth and date. A total
of 96 individuals were collected over the four seasons at Breakwater and season did not
significantly affect the results at this site by depth (Table 1). However, at the intermediate wave
exposure sites, Balboa (p<0.0001) and Lovers Pt. (p=0.015), there was a depth at which the
probability of finding an individual with a midrib changed significantly (Figure 6, Tablel).
Season was found to be insignificant across all sites (p=l.000). At Balboa Street, the probability
of finding an individual with a midrib versus without changed significantly at 6.lm
(x2=59.97127, df=l, p<0.0001, Figure 6). At Balboa Street, 81.6% of the individuals were
correctly classified using depth alone as a factor (Table 1). At Lovers Pt., the probability of
finding an individual with a midrib increased significantly below depths of 6.lm (x2=5.876511,
df=l, p=0.0153) (Figure 6). In this case at Lovers Pt., 66.7% of the individuals were correctly
classified by depth alone (Table 1).
I also hypothesized that the characteristic that these two taxa share, splitting through the
lamina, would be variable along a wave exposure and depth gradient. Specifically, splitting
would be very common at the most exposed site and in shallow areas along the gradient, and that
splitting would be less common or non-existent at sheltered sites and at deeper depths. Logistic
regression was used to evaluate depth as the determining factor of split presence at all four sites
over all seasons (Table 2). Coral Street, Lovers Pt., and Breakwater Pipe did not show any
significant trend with split presence by depth. However, at Balboa Street, depth played a very
significant role in determining the probability of the presence of a split (x2=19.07893, df=l,
p<0.0001). The probability of finding a split individual at Balboa Street changed significantly at
6.22 meters (Figure 7), meaning that 72.4% of the individuals were correctly classified by depth
alone at this site (Table 2).
Another goal within this study was to better understand the role that depth plays in
determining dispersion type (clumped or solitary individual). I hypothesized that depth would
highly correlate with dispersion type at the most exposed and sheltered sites, Coral Street and
Breakwater Pipe. I found that depth significantly determined the likelihood of finding a specific
dispersion type (clumped or solitary individual) at the two intermediate wave exposure sites
along the Monterey Peninsula. Specifically, the dispersion type of individuals of either taxa at
Balboa Street (F=34.3147, df=l, p<0.0001) and Lovers Pt. (F=29.2187, df=l, p<0.0001), varied
significantly by depth (Figure 8, Table 3), where clumped individuals were found in shallower
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depths and solitary individuals were found at deeper depths across all sites. Dispersion type
(clumped or solitary) only significantly correlated with the presence of a midrib at Balboa Street
(x2=44.641, p<0.0001), where solitary individuals were significantly more likely to have a
distinct midrib and clumped individuals were significantly more likely to lack a distinct midrib
(Figure 9). Dispersion type (clumped or solitary) only significantly correlated with the presence
of an individual splitting at Balboa Street (x2=11.96, p=0.0075), where solitary individuals were
significantly more likely to not be split and clumped individuals were significantly more likely to
be split or splitting (Figure 10).

Common Garden Experiment
A common garden experiment was utilized better understand the relationship between the
midrib and split characteristics and water motion. I hypothesized that Dictyoneurum juvenile
individuals from the most sheltered site and most exposed site, when put in a common
environment, would acclimate to their immediate environment and come out of the experiment
looking identical to one another (see Figure 11 for juvenile individuals from Coral Street and
Breakwater Pipe). To test this hypothesis, at-test was used to compare measurements of growth
rates, length, and width of each individual from the experiment. The mean growth rates (cm/day)
of the juvenile individuals of D. reticulatum and D. californicum were not statistically different
over the course of the common garden experiment (t=l.4769, df=9, p=0.1738, a= 0.05, power=
0.8331, Figure 12). Every juvenile entered the experiment with varying signs of veins (early
stages of a midrib formation) and no sign of splitting (Figure 13). All individuals from the
common garden experiment on day 40 exhibited a midrib and no sign of splitting (Figure 13). In
order to test if the experiment results were just due to the length of the experiment, the length
and width measurements of each individual at the end of the experiment were compared to
length and width measurements of splitting individuals in the natural environment (see Figure 14
for natural juvenile splitting). All individuals exited the experiment larger in size than individuals
that were splitting in the natural environment (Figure 15).
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DISCUSSION
It is well known in the phycological field that many species of brown algae, especially
kelps, are plastic, producing different morphologies in response to physical environmental
factors including water flow and wave exposure (Egregia menziesii, Blanchette et al 2002;
Nereocystis luetkeana, Koehl and Alberte 1988; Macrocystis pyrifera, Druehl and Kemp 1982;
Laminaria longicruris, Gerard and Mann 1979; Eisenia arborea, Roberson and Coyer 2004). In
addition, recent genetic studies have confirmed that many taxa have been misidentified due to
the variance within morphological plasticity in kelps (Lane et al 2006, Graham et al. 2007,
Kawai et al. 2017). Phycologists have determined that in order to correctly identify a species and
eliminate uncertainty, it is crucial to explore both the underlying genetic drivers and the
environmental factors that determine these morphological characteristics.
Dictyoneurum californicum and D. reticulatum have been discussed extensively as to
whether they are distinct species or not (Reviewed by Lane et al. 2006). Before genetic studies
were common, most species distinction was based on morphometrics, cellular structure, and
common habitat characteristics (Saunders 1895, Setchell 1896, Setchell and Gardner 1925, Smith
1942). For decades, the main characteristics that set D. californicum and D. reticulatum apart
were the presence or absence of a midrib and the habitats that they were commonly found in
(Saunders 1895, Smith 1942). Most investigations into these two taxa have focused on herbarium
specimens and have found that they exhibit morphological differences (Smith 1942). However,
the method of using herbarium specimens for research can be misleading (Coppejans 2001). For
example, most herbarium specimens are individuals that were chosen and pressed by
phycologists and most often than not, they can be misidentified, lack a location, and many other
important factors that are crucial (Bates 2009). Therefore, specimens that look odd, sometimes
resembling hybrids of two different specimens, tend to be underrepresented in the library and
sometimes are dismissed as a rare form and not included in the database at all (Bates 2009).
Because of this, most species like D. californicum and D. reticulatum that present a spectrum of
morphological characteristics rather than two distinct differences, only have two very distinct
forms of each species in the database. However, two recent genetic studies have argued that D.
californicum and D. reticulatum are genetically indistinct (Lane et al 2006, Kawai et al. 2017).
These findings increased uncertainty in the species classification of D. californicum and D.
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reticulatum and encouraged the investigation into their morphological differences and the
environmental drivers that determined them. Currently, D. californicum and D. reticulatum are
still considered different species because evidence still lacks in the physiological mechanism for
how the two distinct morphologies could develop due to the environment alone like Demes et al.
did in 2009 for Macrocystis.
In my study, the morphometrics within the genus Dictyonerurum, the details of a true
midrib, and the effect of consistent water motion on juvenile D. californicum and D. reticulatum
were explored to understand how significant wave exposure is in determining the morphological
differences within these two species. In this research and in many others, depth plays a critical
role in the intensity of the effects of wave exposure (Graham 1995, Molloy and Bolton 1996,
Fowler-Walker et al. 2005, Graham et al. 2007, Demes et al. 2009). At shallower depths, the
intensity of wave exposure and water motion are high, whereas at deeper depths, the water
motion and wave exposure are much less intense (Graham 1995, Molloy and Bolton 1996, Foster
and Vanblaricom 2001, Fowler-Walker et al. 2005, Graham et al. 2007, Demes et al. 2009).
If wave exposure is driving the morphological characteristics within Dictyoneurum,
based on the relationship between depth and wave exposure, one would expect to see those
morphological traits change with depth. The results of my study suggest that at the most exposed
and the most sheltered sites, Coral Street and the Breakwater Pipe respectively, depth does not
play a significant role in determining the differing morphological characteristic, or presence or
absence of a midrib (Table 1). This result suggests that these sites were at the high and low wave
exposure extremes respectively, where Breakwater Pipe rarely experiences high wave action
even in shallow water and Coral Street rarely experiences low to no water motion because of
where it is located on the peninsula, even at depth. Therefore, this would suggest that there is a
lack of effect of depth, at the most extreme sites, on the morphological variation within the
Dictyoneurum spp. However, at the intermediate sites, the data suggests that depth is crucial in
determining the probability of finding an individual with a midrib (Figure 6). Furthermore, even
at more wave exposed sites, the probability of finding an individual with a midrib increases with
depth. This common phenomenon of depth directly correlating with local site conditions can be
witnessed at any given site, where shallower environments are going to be similar to water
motion conditions at Coral Street and deeper environments are going to be similar to water
motion conditions at Breakwater Pipe. This statistical relationship, where increased water
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motion can have a significant effect on the lamina morphology, has been seen in numerous kelp
studies, such as with Macrocystis (Graham et al. 2007, Demes et al. 2009), Nereocystis (Koehl
2008), Eisenia arborea (Roberson and Coyer 2004), and Ecklonia (Fowler-Walker et al 2006).
This morphological trend seen within the two taxa based on wave exposure has also been
observed in many other studies, where individuals at sheltered sites adopt a blade or thallus with
a larger surface area, presumably to maximize surface area for light and nutrient uptake (Gerard
and Mann 1979), and where individuals at exposed sites adopt narrower elongated blades,
presumably to decrease drag (Armstrong 1989, Blanchette et al. 2002). However, what sets D.
californicum and D. reticulatum apart from these other studies is their natural tendency to split
up the entire lamina through the midrib as well as down through the stipe, creating two
individuals from one (Setchell and Gardner 1925, Lane et al. 2006).
Based on the splitting data from this study, at one of the intermediate sites, Balboa, the
presence of splitting significantly decreases with depth (Figure 7). It is possible that the constant
and stronger pull on the blade at higher wave exposed areas or during stormy seasons, increases
the chance of the blade splitting, and quite possibly splitting at a faster rate (Figure 3, Koehl
2008). It is also possible that splitting is positively correlated with growth, whereas the faster
growing individuals also split at a faster rate than individuals that grow at a slower rate (Norton
1969, Larkum 1972). The above data would suggest that with higher wave exposure there is an
increase in splitting and a decrease in the probability of finding an individual with a midrib, and
with lower wave exposure there is a decrease in splitting and an increase in the probability of
finding an individual with a midrib. Based on the data by site, this trend was confirmed. At Coral
Street, there was more splitting and zero individuals with a midrib (Tables 1, 2). At the
Breakwater Pipe, there was a small number of individuals splitting and most had a distinct
midrib (Tables 1, 2).
Besides the surrounding physical environment, the biological formation and distribution
of a species can provide insight into morphological plasticity. For instance, in the Graham (2007)
study on Macrocystis sp., all 4 morphotypes grew in different patterns and habitats. One grew
successfully in sand, another on rocky reefs, while another was most successful growing
rhizomatically and these differences separated them down to species for decades. It was not until
the genetics were studied that these differing characteristics were ruled unimportant for species
distinction. Dispersion type or the grouping form in which an individual is found, was
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categorized in this study as a solitary individual or a clump of individuals. In Dictyoneurum spp.,
clumped individuals were more commonly found in shallower depths and solitary individuals
were found at depth (Figure 8). Interestingly, the data show that at sites Balboa Street and Lovers
Pt., depth statistically determined the type of dispersion found (Figure 8), where at both sites,
clumped individuals were found in the 2-8m range and solitary individuals were found in the 4.51 lm range. Not surprisingly, there was an overlap of these two dispersion types right at the depth
range where D. californicum and D. reticulatum are known to overlap (Abbott and Hollenberg
1976). If there exists a relationship between depth and midrib presence or splitting and a
relationship between depth and dispersion type, it would make sense that there might also be a
relationship between dispersion type and midrib presence or splitting.
Based on the data at Balboa Street and Coral Street, there was a significant relationship
between dispersion type and midrib presence (Figure 9). Specifically, at these sites, solitary
individuals were statistically more likely to have a midrib (Figure 9, Table 4). Alternatively,
clumped individuals were more likely to lack a midrib. These results support and align with the
theory that solitary individuals have not split yet and therefore still contain a midrib.
Furthermore, clumped individuals do not have midribs, suggesting that they have split multiple
times and eventually lost the midrib altogether. The theory of multiple splits decreasing the
chances of a midrib can visually be understood looking at both figure 3 and figure 15, where the
blade with a midrib on the left slowly, through the act of splitting one blade into two, loses its
midrib. Additionally, at Balboa street, splitting presence also had a significant relationship with
dispersion type, where clumped individuals were more likely to be splitting and solitary
individuals were less likely to be splitting (Figure 10). These results support the hypothesis that
there was a gradual morphological gradient between these two species rather than a distinct
difference. Furthermore, these results support the hypothesis that splitting drives the presence of
a midrib, where increased splitting means a decrease in the presence of a midrib. Therefore, any
environmental factor, such as wave exposure, that effects splitting, will also indirectly drive the
presence of a midrib. However, if there is a morphological gradient between these two species,
are their characteristics that set them apart genetically fixed or phenotypically plastic?
Over the past decade many kelp studies have explored genetically fixed and plastic
morphological traits (Hurd 2000, Blanchette et al. 2002, Roberson and Coyer 2004, FowlerWalker et al. 2006, Lane 2006, Demes et al. 2009, Charrier et al. 2012). The most common
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experiments used to investigate fixed versus plastic traits are transplants and common garden
studies. If two types of individuals are transplanted to their opposite environment and they show
physical change, then that morphological trait would be considered phenotypically plastic.
Alternatively, if the individual does not change physically, then it is possible that the
morphological trait is genetically fixed (Blanchette et al. 2002, Roberson and Coyer 2004,
Fowler-Walker et al. 2006, Demes et al. 2009).
Interestingly, the results from the common garden study showed that juvenile individuals
from both species collected from the two wave exposure extremes did not undergo any stark
morphological changes during the experiment. In fact, all of the individuals from the study went
in with signs of a midrib and no sign of splitting and came out looking almost identical to one
another, meaning there was no statistical difference in their morphological characteristics (Figure
11 ). These results would suggest that the characteristics of the midrib and splitting are not fixed
genetic traits, but plastic traits influenced by the surrounding environment. However, we can not
be sure this is true based solely on the growth over time in a common water motion experiment.
It is possible that the water motion was not at a high enough intensity to show change within the

juveniles over the course of the experiment. It is also possible that the individuals were already
fixed within their morphology by the time they were collected for the experiment. However, if
this was the case, and splitting did not affect the presence or absence of a midrib, then the
juveniles from Coral Street at the end of the experiment should have lost or shown signs of
losing their midrib trait. However, all of the individuals collected from Coral Street came out of
the experiment with a midrib (Figure 11 ). Furthermore, the experiment was conducted over an
appropriate amount of time, enough so for individuals to start splitting, as many juvenile
individuals that were splitting naturally in the field (see example in Figure 14) were measured in
length and width and recorded for further study. Those measurements were compared to the
measurements of the individuals at the end of the common garden experiment and there was no
statistical difference in their mean length or mean width (Figure 15). In fact, most of the
individuals in the common garden experiment were taller and wider than the individuals from the
field that were splitting (Figure 11 ). In the future it may be beneficial to collect individuals from
both wave exposure extremes and put them into several varying water motion intensity
experiments. This type of experiment could more closely pinpoint the exact level of water
motion that would force an individual to undergo splitting. If there is enough splitting, it is
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theoretically possible that the midrib would disappear. lbis experiment could then show the
splitting gradually eliminate the midrib within the lamina.
Geographic scale and the ranges of these two species along the Pacific Coast does
introduce complication but it also provides insight as to the big picture. It is uncommon to find
Dictyoneurum reticulatum the further north of central California and it is also uncommon to find
D. californicum further south of Point Conception (Abbott and Hollenberg 1976, Scagel et al.

1989, Stewart 1991, Hansen 1997, Pedroche et al. 2008, Miller 2012). Monterey Bay is a unique
place, located in the central part of the California coast, where wave exposure is highly variable
over short spatial scales (Graham et al. 1997). Within the protection of the Bay some locations
can easily be compared to southern California conditions, where the temperature of the water can
be slightly warmer and the wave exposure is less intense annually (Graham et al. 1997).
However, outside the Bay and along the boundary, the coast is exposed to the more northern
California conditions, where wave exposure intensity is greater (Graham et al. 1997). Because of
this expanse of environmental conditions in such a small geographical area, it is convenient to
observe the morphological variations that may represent populations above and below point
conception, the well-known and studied geographical break along the California coast, in
Monterey Bay (Hendershott & Winant 1996, Harms & Winant 1998, Blanchette et al. 2002). In
short, Monterey Bay shows signs of a physical gradient of southern, central, and northern
California, vaguely mimicking the range of wave exposure intensities, temperature variabilities
and nutrient gradients along the entire California coast on a much smaller scale (Olivieri et al.
1993). Differences in morphology of kelps can be recognized over much smaller scales than
previously understood, in as little as one or two kilometers, like in Figure 16 (Fowler-Walker et
al 2006). Therefore, it is possible that Monterey Bay ensures a unique enough environment to
provide enough of a wave exposure gradient to drive the morphological diversity within the
Dictyoneurum genus.

However, it is well known that morphological variation in kelps is commonly driven by
environmental factors, including other factors besides wave exposure, like light quantity and
quality (Gerard 1987) and nutrient availability (Gagne et al. 1982). Because Dictyoneurum
californicum is found at shallower depths, where light is more available, and D. reticulatum is

found at deeper depths, where light is less available, it is possible that the difference in light
quantity could influence their growth rates. It is unlikely that D. californicum is just growing
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faster and splitting faster due to light alone, because if that were the case, splitting should have
been much more prevalent in the common garden experiment. This is because all individuals
were shaded to mimic the light quantity in the natural environment at shallow depths, where D.
californicum is found. However, in the future, it will be crucial to run an in-situ experiment

varying light while keeping all other environmental factors constant to rule out light as the main
driving factor in the morphological variations in this genus. It is also possible that nutrients may
be a factor contributing to the morphological differences within the Dictyoneurum genus but it is
unlikely the largest contributing factor. And because nutrients are also dependent on water
motion it would be difficult to determine the magnitude of their ability to affect the
morphological variation on its own.

CONCLUSIONS
The observational and experimental analyses from this study indicate that Dictyoneurum
californicum and D. reticulatum distinctly differ in morphology at the extremes on the wave

exposure gradient along the Monterey Peninsula. However, at intermediate wave exposure areas,
the morphological differences between the two species are muddled and non-distinct (Figure 4),
suggesting that the midrib trait that separates them to species is a phenotypically plastic trait and
not a fixed trait. The results of this study also indicate that the act of splitting through the entire
lamina, a characteristic that both taxa present, has a relationship with the characteristic of the
midrib, connect wave exposure or water motion to the act of splitting. Therefore, there is an
indirect relationship between wave exposure and the characteristic of the midrib, through the act
of splitting. If the midrib is a plastic trait based on its physical environment, then it is not a
reliable trait that can be used to solely distinguish the species. Present genetic testing is
hypothesized to determine that the midrib trait is not genetically fixed and is simply present or
not, due to the local environment. These three pieces of evidence would therefore confirm that
these two species are morphotypes within a single species, not two distinct species.
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FIGURES

Figure 1. Examples of kelp species that possess midribs (from left to right): Agarum clathratum;
A/aria marginata; Costaria costata; and Pterygophora californica. Photo credit Jenn Burt.
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Figure 2. Site map of the Monterey Peninsula, Monterey, California. The sites were uniformly
distributed along the wave exposure gradient ranging from Coral Street (most exposed, largest
wave icon) to the Breakwater Pipe (most sheltered, smallest wave icon).
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Figure 3. Examples of Dictyoneurum morphological variations. Dictyoneurum reticulatum
herbarium specimen collected from Breakwater, Monterey California (left) with a very distinct
midrib (arrows pointing to distinct midrib on both individuals). Dictyoneurum hybrid from
Balboa Street, Monterey California (middle) with a midrib remanence on the insides of both
blades (see arrows pointing at midrib) and the presence of a 100% split. Dictyoneurum
californicum, collected from Coral Street, Monterey California (right) with no prominent midrib.
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Figure 4: Example of a juvenile Dictyoneurum individual with the colored string tag used for the
common garden and transplant experiments. To collect growth data for each individual, each one
was given a different color.
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Figure 5: Diagram of the tumble culture at the Aquaculture Center at Moss Landing Marine
Laboratories for the common garden experiment. Juvenile Dictyoneurum individuals were
collected from the Breakwater Pipe and Coral Street, measured and tagged, and placed in the
tumble culture for 40 days. Natural seawater was readily available at the Aquaculture center,
where it was brought in directly from the coast through the intake pipes. The water was then run
through a 1 micron filter, then directly routed to the tumble culture tank. Pressurized air was
introduced to the tank at the bottom, naturally forcing the air to the top of the tank and creating a
circular current. This water motion kept the juveniles free :floating in these currents during the
entire experiment.
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Figure 6: Logistic regression of depth by midrib presence (midrib = 1, no midrib = 0) for all four
sites. Each dot represents an individual measured at each site. Balboa Street (n=80, p<0.0001)
and Lovers Pt. (n=78, p=0.015) sites both had a significant inflection point, the depth in which it
was more likely to find an individual with a midrib than an individual without a midrib. At
Balboa Street the inflection point was at 6. lm. At Lovers Pt. the inflection point was at 4.06m.
At Coral Street (n=123, p=0.167) there were no adult individuals observed with a midrib,
therefore there was no depth inflection point (curve). At the Breakwater Pipe (n=96, p=0.721)
there were no adult individuals observed without a midrib, therefore there was no depth
inflection point (curve). Season was not significant for all sites (p=l .000).
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Figure 7: Logistic regression of depth by splitting presence (split= 1, no split= 0) for all four
sites. Each dot represents an individual measured at each site. Balboa Street (n=71, p<0.0001)
had a significant inflection point, the depth in which it was more likely to find an individual with
a split than an individual without a split. At Balboa Street the inflection point was at 6.22 m. At
the Breakwater Pipe (n=82, p=0.882), Coral Street (n=96, p=0.488), and Lovers Pt. (n=45,
p=0.644), there was no significant inflection point (no curve). Season was not significant for all
sites (p=0.999).
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Figure 8: Logistic regression of depth by dispersion type (clump= 1, individual= 0) for all four
sites. Balboa Street (n=98, p<0.0001) and Lovers Pt. (n=77, p<0.0001) both had a significant
inflection point, the depth in which it was more likely to find an individual by itself than an
individual growing in a clump. At Balboa Street the inflection point was at 8.79 m. At Lovers Pt.
the inflection point was at 9.68 m. At the Breakwater Pipe (n=96, p=0.5904) and at Coral Street
(n=124, p=0.06) there was no significant inflection point (no curve). Season was not significant
for all sites (p=0.989).
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Figure 9: Display table of dispersion type (clumped or individual) by the percentage of
individuals that had a midrib for all four sites Coral Street, Balboa Street, Lovers Pt., and
Breakwater Pipe. Coral Street (n=123, p=0.0046) and Balboa Street (n=82, p<0.0001) both had a
significant difference in dispersion type and percentage of individuals with a midrib. Coral Street
did not have any clumped individuals with a midrib and had a significantly higher percentage of
individuals with a midrib (p=0.00046). At Balboa Street, there were significantly more
individuals with midribs than clumps with midribs (p<0.0001). Breakwater Pipe (n=97,
p=0.2245) and Lovers Pt. (n=78, p=0.4292) did not have a significant relationship between
dispersion type and midrib presence/absence. Season was not significant for all sites (p=0.2081 ).
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Figure 10: Display table of dispersion type (clumped or individual) by the percentage of
individuals that had a split for all four Coral Street, Balboa Street, Lovers 2, and Breakwater
Pipe. Balboa Street (n=82, p=0.0073) had a significant difference in dispersion type and
percentage of individuals with a split, where clumped individuals were significantly more likely
to also be splitting. Breakwater Pipe (n=97, p=l.0), Coral Street (n=123, p=0.4447), and Lovers
Pt. (n=78, p=0.2723) did not have a significant relationship between dispersion type and splitting
presence/absence. Season was only significant for Coral Street during both Fall seasons
(p=0.026).
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Figure 11: Photographs of juvenile Dictyoneurum californicum, from Coral Street (top left and
right), and Dictyoneurum reticulatum, from Breakwater Pipe (bottom left and right), collected
for the common garden experiment in tumble culture system at Moss Landing Marine
Laboratories. Left image was taken on Day O and right image was taken on day 40. (black bar
represents 2cm)
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Figure 12: Growth rate (cm/day) of the juveniles over the 40 day common garden experiment.
Ten individuals from Coral Street and Breakwater were collected on day O and put in a tumble
culture at the aquaculture center at Moss Landing Marine Laboratories. Each individual was
measured every week over the course of the experiment. Six individuals from Coral Street and
five individuals from the Breakwater Pipe survived throughout the entire experiment and are the
data points represented in this graph.

37

a

b

Figure 13: Photographs of juvenile Dictyoneurum spp. individuals. (a) Juvenile with the
beginnings of a midrib forming (shown by the black arrows). The midrib in a juvenile resembles
just two veins running up the lamina starting from the base where the stipe meets the blade. This
feature can be seen on the blade when the blade is 2.5 cm or taller. (b) Pressed juvenile collected
from Coral Street at 6.4m. This juvenile looks much like the juvenile from Figure 1, however,
this individual is starting the process of splitting from one individual into two. This individual
was 10.5cm tall and 7.1cm wide.
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Figure 14: Measurements of mean length (left) and mean width (right) of natural juveniles
measured in the field (patterned bar) and juveniles measured at the end (40 days) of the common
garden experiment (solid bar). All of the natural individuals included in the these measurements
were splitting at the time of collection. All of the common garden individuals were not showing
any signs of splitting by the end of the experiment (after 40 days in tumble culture). There was
no significant difference in length or width between the natural juveniles and the common garden
juveniles.
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Figure 15: Herbarium specimens of field collected individuals from study sites along the wave
exposure gradient on the Monterey Peninsula, Monterey, California. The wave exposure gradient
represented is from most sheltered (far left) to most exposed (far right), where Breakwater Pipe
individuals on average look like the individual on the far left (with a midrib, lacking a split) and
Coral Street individuals on average look like the individual on the farthest right (lacking a
midrib, completely split). The three individuals in between (having a midrib or lacking a midrib,
starting to split, in the process of splitting, or completely split) are representative of the average
individuals within the intermediate wave exposure areas along the wave exposure gradient. The
individual on the far left and the individual in the middle also are reproductive (dark spots within
the blade).
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TABLES
Table 1. Statistics for midrib presence/absence as a function of Site. First two columns are the total
number of individuals observed with a midrib or without a midrib. The third column shows the percent of
the data that can be explained by depth alone (logistic regression) for each site. The final column is the pvalue for each logistic regression test.

Site
Coral
Balboa
Lovers 2
Breakwater

#with
Midrib
0
34
56
96

#w/out
Midrib
123
46
22
0

% explained
by depth
98.4
81.6
66.7
99.0

p-value

0.167
<0.0001*
0.015*
0.721
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Table 2. Statistics for split presence/absence as a function of site. First two columns are the total number
of individuals observed with a split or without a split. The third column shows the percent of the data that
can be explained by depth alone (logistic regression) for each site. The final column is the p-value for
each logistic regression test.

Site

#with
Split

#w/out
Split

Coral
Balboa
Lovers 2
Breakwater

36
41
45
0

90
30
0
82

%
explained
by depth
71.4
72.4
57.7
84.5

p-value

0.488
<0.0001 *
0.644
0.882

42

Table 3. Statistics for dispersion type as a function of site. First two columns are the total number of
solitary individuals and clumped individuals at each site. The third column shows the percent of the data
that can be explained by depth alone (logistic regression) for each site. The final column is the p-value for
each logistic regression test.

Site

Coral
Balboa
Lovers 2
Breakwater

#

# Solitary

Clumped

Individual

115
88
73
75

9
10
4
21

%
explained
by depth
87.9
88.9
89.7
77.6

p-value

0.06
<0.0001 *
<0.0001 *
0.5904

43

Table 4. Statistics for the interaction of dispersion type and the presence/absence of a midrib broken down
by site, Coral Street (a), Balboa Street (b), Lovers Pt. ( c), and Breakwater Pipe ( d). Contingency table
testing dispersion type, solitary individual or clumped individual, in relation to the midrib by site.
Because some cell values were close to or at zero, a Fishers Exact Test was used.
a.

Coral Street

Pearson ChiSquare
Likelihood
Ratio
Fishers Exact
Test

Value
26.197

df
1

p-value
0.0001

10.974

1

0.0001
0.005*

0

Solitary
Individual
Clumped

1
Total

No Midrib
0
7

Midrib
1
2

Total
9

116
123

0
2

116
125

b. Balboa Street

Pearson ChiSquare
Likelihood
Ratio
Fishers Exact
Test

Solitary
Individual
Clumped

Value
0.53

df
1

p-value
0.001

0.163

1

0.004
0.0001*

0

1
Total

No Midrib
0
1

Midrib
1
10

Total
11

53
54

35
45

88
99
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c.

Lovers Pt.

Pearson ChiSquare
Likelihood
Ratio
Fishers Exact
Test

Solitary
Individual
Clumped

Value
1.086

df
1

p-value
0.297

1.252

1

0.263
0.278

0

No Midrib
0
1

Midrib
1
7

Total
8

1
Total

21
22

49
56

70
78

d. Breakwater Pipe

Pearson ChiSquare
Likelihood
Ratio
Fishers Exact
Test

Solitary
Individual
Clumped

Value
3.490

df
1

p-value
0.062

3.024

1

0.082
0.224

0

No Midrib
0
1

Midrib
1
21

Total
22

1
Total

0
1

76
97

76
98
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Table 5. Statistics for the interaction of dispersion type and the presence/absence of splitting broken down
by site, Coral Street (a), Balboa Street (b), Lovers Pt. ( c), and Breakwater Pipe ( d). Contingency table
testing dispersion type, solitary individual or clumped individual, in relation to splitting by site. Because
some cell values were close to or at zero, a Fishers Exact Test was used.

a.

Coral Street

Pearson ChiSquare
Likelihood
Ratio
Fishers Exact
Test

Value
1.480

df
1

p-value
0.224

1.751

1

0.404
0.208

No Splittine

0

Solitary
Individual
Clumped

1
Total

0
1

Splittine
1
8

Total
9

35
36

81
89

116
125

b. Balboa Street

Pearson ChiSquare
Likelihood
Ratio
Fishers Exact
Test

Solitary
Individual
Clumped

Value
6.218

df
1

p-value
0.013

6.560

1

0.10
0.014*

0

1
Total

No Splittine
0
9

Splittine
1
2

Total
11

37
46

51
53

88
99
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c. Lovers Pt.

Pearson ChiSquare
Likelihood
Ratio
Fishers Exact
Test

Solitary
Individual
Clumped

Value
1.489

df
1

p-value
0.222

1.471

1

0.225
0.199

0

No Splittine:
0
5

Splittine:
1
3

Total
8

1
Total

28
33

42
45

70
78

d. Breakwater Pipe

Pearson ChiSquare
Likelihood
Ratio
Fishers Exact
Test

Solitary
Individual
Clumped

Value
0.061

df
1

p-value
0.805

0.062

1

0.803
0.553

0

No Splittine:
0
19

Splittine:
1
3

Total
22

1
Total

64
83

12
15

76
98
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Individual

Site from

(cm/day)

#

1
2
3

4
5

6
7
8

9
10
11

Growth Rate

Coral
Coral
Coral
Coral
Coral
Breakwater
Breakwater
Breakwater
Breakwater
Breakwater
Breakwater

0.14
0.11
0.13
0.09
0.18
0.04
0.07
0.10
0.20
0.07
0.02

Table 6. Common garden experiment growth rates. Total number of individuals that survived the 40 days
of the common garden experiment conducted at the aquaculture facility at Moss Landing Marine
Laboratories. The first column is the site from which they were originally collected, and the second
column shows the standardized growth rate by day for each individual. All individuals went into the
experiment with the initiation of a midrib and no sign of splitting. All individuals after 40 days still had a
midrib but did not show any sign of splitting.
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Table 7. Common garden experiment field comparisons. Length and width measurements of all the
individuals from the common garden study at the end of the 40 day experiment compared to the length
and width of individuals measured in the natural environment. All individuals from the common garden
experiment after 40 days did not show any sign of splitting. All individuals measured in the natural
environment were splitting or starting to split at the time of measurement.

Natural or
Experimental
Natural
Natural
Natural
Natural
Natural
Natural
Natural
Natural
Natural
Natural
Natural
Natural
Natural
Natural
Natural
Natural
Natural
Natural
Experimental
Experimental
Experimental
Experimental
Experimental
Experimental
Experimental
Experimental
Experimental
Experimental
Experimental

Length
(cm)
7.5

8.5
11.5
11.7
12.5
3.0
11.5
7.0
11.5
9.3
10.4
11.8
14.4
10.0
19.0
13.5
13.9
17.8
17.5
23.5
14.8
22.0
18.5
11.0
10.4
14.0
8.5
21.0
11.7

Width
(cm)
5.0
3.5
3.3
3.6
5.5
1.5
2.2
4.5
5.0
6.0
6.9
7.5
8.3
9.5

8.8
8.0
3.0
11.4
8.7
10.2
6.8
9.2
7.6
5.5
8.4

8.0
5.0
8.7
7.5

Splitting?
y
y
y
y
y
y
y
y
y
y
y
y
y
y
y
y
y
y
n
n
n
n
n
n
n
n
n
n
n
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